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The alkylating agent N-methyl-NV-nitro-N-nitrosoguanidine (MNNG) alters DNA and stimulates the activity of poly(ADP-ribose)
polymerase-1 (PARP-1), a nuclear enzyme involved in DNA repair. The consumption of cellular NAD+ by PARP-1 is accompanied by ATP
depletion, mitochondrial depolarization and release of proapoptotic proteins, but whether a causal relationship exists among these events
remains an open question. Most of cellular NAD+ is stored in the mitochondrial matrix and becomes available for cytosolic and nuclear
processes only after its release through the permeability transition pore (PTP), a voltage-gated inner membrane channel. Here we have
explored whether MNNG affects mitochondrial function upstream of PARP-1 activation. We show that MNNG has a dual effect on isolated
mitochondria. At relatively low concentrations (up to 0.1 mM), it selectively sensitizes the PTP to opening, while at higher concentrations
(above 0.5 mM) it inhibits carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP)-stimulated respiration. MNNG caused PTP
opening and activation of the mitochondrial proapoptotic pathway in intact HeLa cells, which resulted in cell death that could be prevented
by the PTP inhibitor CsA. We conclude that a key event in MNNG-dependent cell death is induction of PTP opening that occurs
independently of PARP-1 activation.
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G. Dodoni et al. / Biochimica et Biophysica Acta 1658 (2004) 58–63 591. Introduction sarcoplasmic reticulum, and initiate an amplification cycleNAD+ plays a central role in oxidative metabolism being
the coenzyme of many dehydrogenases mostly located
within the mitochondrial matrix. Its reduced form,
NADH(H+), can be considered the initial substrate of the
respiratory chain. Indeed, its reoxidation by Complex I
provides the majority of electrons which eventually reduce
oxygen into water. Due to this vital role, it is hardly
surprising that most of cellular NAD+ is located within
the mitochondrial matrix. Although the mechanisms by
which pyridine nucleotides are taken up or synthesized
by mitochondria have not been elucidated yet [1], we have
previously shown that under physiological conditions the
NAD+ content of isolated mitochondria is quite stable and
is not influenced by ATP content or by mitochondrial
uncoupling [2]. Indeed, the mitochondrial matrix is devoid
of NAD+ glycohydrolase activity [2,3], and the ADP-
ribosylation of mitochondrial proteins [4,5] is likely to
consume only minute amounts of the total mitochondrial
pool. Mitochondrial NAD+ can be rapidly depleted only
upon opening of the permeability transition pore (PTP), a
Ca2 +-dependent, high-conductance channel located in the
inner mitochondrial membrane [6] that may also be instru-
mental in the release of mitochondrial proapoptotic proteins
[7]. Release of mitochondrial NAD+ is rapidly followed by
its disappearance due to the abundance of NAD+ consum-
ing enzymes outside the mitochondrial matrix. A major
metabolic pathway for the released NAD+ is hydrolysis into
ADP-ribose and nicotinamide catalyzed by glycohydro-
lases, which include a form associated with the outer
mitochondrial membrane [1,3,8,9]. Since glycohydrolases
can also catalyze cyclization reactions, formation of cyclic
ADP-ribose could trigger the release of Ca2 + from theFig. 1. Effects of MNNG on state 4 and uncoupled respiration in isolated mitoch
MOPS, 1 mM Pi-Tris, 20 AM EGTA-Tris, 0.8 AM CsA in a final volume of 2 ml a
2.5 mM malate (panel A) or 5.0 mM succinate plus 2 AM rotenone (panel B). Ex
MNNG at the indicated concentrations and 100 nM FCCP were added after 2 an
uncoupled respiration.inducing the permeability transition in the vast majority of
mitochondria.
NAD+ has received considerable attention in the field of
cell death [10], because of its consumption in reactions
involved in DNA repair. According to a proposed mech-
anism also known as the ‘‘suicide hypothesis’’ [11], the
stimulation of poly(ADP-ribose) polymerase-1 (PARP-1)
activity induced by DNA damage would consume the
entire cell content of NAD+. Then, cellular ATP would
be depleted to replenish NAD+ in a process that has been
proposed to cause mitochondrial membrane potential
(Dcm) collapse through an undefined mechanism and
eventually cell death [11,12]. This relationship has also
been suggested to involve a putative intramitochondrial
PARP isoform [5].
It must be pointed out that DNA damage and PARP-1
activation have generally been obtained with treatments that
greatly hamper mitochondrial function such as hypoxia, UV
irradiation and treatment with menadione—all conditions
that are well characterized for inducing PTP opening
[2,13,14]. An exception might be represented by the DNA
alkylating agent, N-methyl-NV-nitro-N-nitrosoguanidine
(MNNG). This compound is the standard tool in studies
characterizing PARP-1 activation, which overall lend sup-
port to the concept that the activation of DNA repair is the
primary event in the sequence leading to ATP depletion and
cell death. Here we have investigated the mitochondrial and
cellular effects of MNNG. We show that MNNG causes
PTP opening both in isolated mitochondria and intact cells;
and that the ensuing cell death can be prevented by
inhibition of the PTP. Thus, mitochondrial dysfunction
appears to be the cause rather than the consequence of
NAD+ depletion caused by MNNG.ondria. The incubation medium contained 250 mM sucrose, 10 mM Tris-
t pH 7.4 and 25 jC. The respiratory substrates were 5.0 mM glutamate plus
periments were started by the addition of 1 mg of mitochondrial proteins.
d 12 min, respectively. (n) State 4 respiration after MNNG addition; (5)
Fig. 2. MNNG-induced PTP opening in isolated mitochondria is time-
dependent. (Panel A) The incubation medium contained 250 mM sucrose,
10 mM Tris-MOPS, 1 mM Pi-Tris, 20 AM EGTA-Tris, 5.0 mM glutamate
and 2.5 mM malate. Experiments started with the addition of 1 mg of
mitochondrial proteins to a final volume of 2 ml at pH 7.4 and 25 jC.
Where indicated, 0.8 AM Ca2 + was added followed by 100 AM MNNG at
various times (1, 3 6 and 11 min after Ca2 + addition corresponding to
traces a, b, c and d, respectively) and finally by 500 AM EGTA-Tris and
100 nM FCCP. Ninety-degree light scattering of the mitochondrial
suspension was measured at 545 nm in a Perkin-Elmer 650-40
fluorescence spectrophotometer. The light scattering changes obtained in
the absence of MNNG addition are indicated by trace e. Where indicated,
mitochondria were preincubated with 0.8 AM CsA. (Panel B) Fraction of
swollen mitochondria after treatment with MNNG, as determined from
experiments of panel A. Values were normalized to the maximum opening
induced by 200 AM Ca2 +.
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Rat liver mitochondria were isolated from albino Wistar
rats by standard centrifugation techniques [15]. Mitochon-
drial protein concentration was assessed with the biuret
reaction. Mitochondrial swelling was followed as the
change of 90j light scattering of the mitochondrial suspen-
sion at 545 nm in a Perkin-Elmer 650-40 fluorescence
spectrophotometer. In isolated Dcm was measured in mito-
chondria incubated with 0.1 AM rhodamine 123, a lipophilic
cation that accumulates within the mitochondrial matrix
depending on the existing Dcm [16]. Oxygen consumption
was determined polarographically using a Clark oxygen
electrode [16]. All assays were performed at 25 jC in
instruments equipped with thermostatic control and mag-
netic stirring.
HeLa cells were grown in Dulbecco’s modified medium,
supplemented with 2 mM glutamine and 10% fetal calf
serum plus 50 units/ml penicillin and 50 Ag/ml streptomycin
in a humidified atmosphere of 95% air and 5% CO2 at 37
jC. For fluorescence microscopy experiments, HeLa cells
(40 103) were seeded onto glass cover slips in six-well
plates 2 days before experiments [17]. For experiments on
mitochondrial membrane potential, cells were washed and
incubated in HBSS and 10 mM Hepes in presence of 10 nM
tetramethylrhodamine methyl ester (TMRM) and either 1
AM cyclosporin H (CsH) or 0.8 AM cyclosporin A (CsA) for
30 min at 37 jC. Treatment of control cells with CsH is
necessary because the extent of cell and hence mitochon-
drial loading with potentiometric probes is affected by the
activity of the plasma membrane multidrug resistance P-
glycoprotein, which is inhibited by both CsH and CsA,
whereas only CsA inhibits the PTP [18]. To study the PTP
opening in situ cells were loaded with 0.5 AM calcein-AM
and 1 mM CoCl2 for 30 min at 37 jC, then washed twice
with HBSS and 10 mM Hepes [19].
Cell fluorescence images were acquired with an Olympus
IMT-2 inverted microscope equipped with a Xenon light
source (75 W), a 12-bit digital cooled CCD camera (Micro-
max, Princeton Instruments) [19]. Images were acquired
with a 40 , 1.3 NA oil immersion objective (Nikon) at 1-
min intervals (exposure time, 100 ms), and analyzed using
Metamorph software (Universal Imaging) [19].
The resazurin assay was used to assess cell death [20].
Briefly, cells grown in 96-well microtiter plates were
incubated with fresh DMEM containing 10% (v/v) resazurin
in the absence or in the presence of MNNG (20–200 AM).
When indicated, 0.8 AM CsA was added 30 min before
MNNG. The metabolic activity of viable cells was deter-
mined by the ratio of reduced to oxidized resazurin detected
at 540 and 620 nm, respectively.
Rhodamine 123, TMRM and calcein-AM were pur-
chased from Molecular Probes (Eugene, OR); CsA was
purchased by Fluka and CsH was a generous gift from
Novartis (Basel, Switzerland). All other chemicals were
purchased from Sigma-Aldrich (Milan, Italy).3. Results and discussion
3.1. Effects of MNNG on isolated mitochondria
Initially we tested the effect of MNNG on the oxygen
consumption of isolated rat liver mitochondria. Fig. 1
shows that irrespective of the respiratory substrate, state
4 respiration of isolated liver mitochondria was not affect-
ed suggesting that MNNG does not act as an uncoupler.
However, when mitochondria were treated with carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP),
MNNG addition at concentrations above 0.1 mM resulted
in a dose-dependent decrease in the rates of oxygen
consumption with either glutamate-malate or succinate
(plus rotenone) as the respiratory substrates. Thus, at high
concentrations MNNG may inhibit mitochondrial respira-
G. Dodoni et al. / Biochimica et Bioption by acting directly on the respiratory chain and/or by
interfering with substrate transport. The more marked
inhibition observed with succinate (but not with ascorbate
plus tetramethyl-p-phenylenediamine, results not shown)
does indeed suggest that the dicarboxylate carrier may be
particularly sensitive to inhibition. Irrespective of the
detailed mechanism, these experiments demonstrate that
MNNG directly impairs mitochondrial function, a finding
that may have significant implications for the cellular
effects of this compound.
We next investigated whether MNNG could affect the
PTP with a sensitive technique introduced in 1993 [21]. In
these protocols, mitochondria are first loaded with a small
Ca2 + pulse that per se is not sufficient to open the PTP
(but is permissive for subsequent stimuli) (Fig. 2, panel A).
Under these conditions, the addition of a low concentration
of FCCP (100 nM in this experiment) was not sufficient to
trigger opening of the voltage-dependent PTP because the
threshold potential for PTP opening was not reached (Fig.
2, trace e). On the other hand, the addition of 0.1 mM
MNNG clearly increased the fraction of mitochondria
responding to the addition of 100 nM FCCP with swelling,
an effect that increased with the incubation time (Fig. 2,
traces a–e). The effect was due to PTP opening because it
was fully inhibited by CsA even after the longest incuba-
tion time with MNNG (trace a + CsA). It should be
stressed that 0.1 mM MNNG did not depolarize mitochon-
dria, nor did it potentiate the depolarizing effects of FCCP
(results not shown). These experiments demonstrate that
MNNG sensitizes the PTP to opening at concentrations
that do not cause direct effects on mitochondrial energy
coupling. The lag time necessary to induce PTP opening
might suggest that MNNG has to be metabolized before
becoming a PTP agonist. Indeed, it has been reported that
MNNG is metabolized by cytochrome P450 [22] and
nitrosylates glutathione [23].Fig. 3. MNNG induces mitochondrial depolarization and PTP opening in living cel
then added with 0.5 mM MNNG. Where indicated, cells were pretreated with 0.
Control (untreated cells) and MNNG-treated cells were preincubated with 1.0 AM C
multidrug resistance (MDR) pump. (Panel B) HeLa cells were incubated at 37 jC
treated with 0.5 mM MNNG for 15 min, in the presence or absence of 0.8 AM C3.2. Effects of MNNG in situ on mitochondrial function and
viability of intact cells
In the next set of experiments the effect of MNNG on
mitochondrial function was tested in intact cells. HeLa cells
were loaded with TMRM, a lipophilic cation which accu-
mulates in mitochondria in response to Dcm [24]. MNNG
addition was followed by a rapid fluorescence decrease,
which depends on mitochondrial depolarization. This find-
ing is consistent with the results obtained in other model
systems, where MNNG-induced mitochondrial depolariza-
tion has been suggested to depend on the activation of the
nuclear and/or mitochondrial PARP isozymes [5,11,12]
although the mechanistic links between these events, if
any, await clarification. Based on the results obtained on
isolated mitochondria we suspected that MNNG-induced
Dcm collapse may rather be a consequence of the direct
action of MNNG on mitochondria, resulting in PTP open-
ing. Fig. 3 shows that, consistent with this hypothesis, CsA
pretreatment completely prevented the MNNG-induced Dcm
collapse. We further tested the effects of MNNG on the PTP
with the sensitive calcein trapping-cobalt quenching tech-
nique developed in our laboratory [19]. Fig. 3b shows that
MNNG caused a dramatic decrease of mitochondrial calcein
fluorescence that was fully inhibited by CsA. Taken togeth-
er, these results unambiguously prove that MNNG induces
PTP opening in intact cells, which in turn results in mito-
chondrial depolarization. Since PTP opening may be crucial
in determining the loss of cell viability [25], we investigated
whether MNNG caused cell death in our model. The experi-
ments of Fig. 4 document that MNNG killed HeLa cells at
the same concentrations causing opening of the mitochon-
drial PTP. The two events were causally related because CsA
dramatically protected from MNNG-dependent killing up to
a concentration of about 0.1 mM, while protection decreased
as the concentration of MNNG was raised to 0.2 mM. We
hysica Acta 1658 (2004) 58–63 61ls. (Panel A) HeLa cells were incubated for 30 min with 10 nM TMRM and
8 AM CsA that was added to the incubation buffer 30 min before MNNG.
sH to avoid possible differences in TMRM loading due to the activity of the
for 30 min with 0.5 AM calcein-AM and 1 mM CoCl2, washed and then
sA.
Fig. 4. MNNG-induced cytotoxicity is antagonized by CsA. HeLa cells were incubated with increasing concentrations of MNNG in the absence (open bars) or
presence (closed bars) of 0.8 AM CsA for 7 h. Cell viability was assessed by means of the resazurin assay as described in Materials and methods.
G. Dodoni et al. / Biochimica et Biophysica Acta 1658 (2004) 58–6362cannot exclude that additional toxicity mechanisms take
over at higher concentrations of MNNG, or that cell death
depends on inhibition of respiration. However, we note that
CsA inhibition can be overcome by increasing the concen-
tration of many inducers, or by removing cofactors that are
essential for inhibition like ADP [26].4. Summary and conclusions
The present study demonstrates that MNNG, a DNA
alkylating agent that is widely used for studying DNA repair
and cytotoxicity, displays prominent effects on mitochon-
dria. While at higher concentrations MNNG acts as an
inhibitor of respiration, at 0.1 mM it promotes opening of
the PTP. MNNG-induced PTP opening and mitochondrial
dysfunction also occur in intact cells, and are causally
related to cell death.
These results raise major questions about a primary role
of DNA damage and PARP-1 activation in determining
NAD+ depletion, mitochondrial dysfunction and cell death
[11,12,27]. Indeed, current understanding of mitochondrial
function and metabolism can hardly relate the collapse of
Dcm to the activation of a nuclear enzyme. In addition,
mitochondrial function is impaired by all the experimental
tools used to study DNA damage and PARP-1 activation.
The present observation that PTP inhibition reduces the
extent of MNNG-induced cell death indicates that mito-
chondrial dysfunction plays a primary role which is not
related to PARP-1 activation.
Inhibition of PARP-1 prevents NAD+ depletion and cell
death, suggesting that maintenance of the pyridine nucleo-
tide pool may be instrumental in preserving cell viabilityeven after PTP opening [10]. We have previously shown
that necrosis and apoptosis correlate with the open time of
PTP [28]. It is tempting to speculate that transient openings
might result in the release of only small amounts of
mitochondrial NAD+, allowing recovery when the pore
closes. On the other hand, prolonged openings would cause
release and hydrolysis of massive amounts of NAD+ ham-
pering the entire oxidative metabolism of the cell and
consequently its viability.Acknowledgements
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